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An analytical model for a limiter scrape-off layer (SOL) is proposed, which takes self-consistently
into account both conductive and convective contributions to the heat transport in SOL. The particle
flows in the SOL main part are determined by considering the recycling of neutrals. The model
allows us to interpret the results of numerical simulation by the code EMC3-EIRENE [Y. Feng, F.
Sardei, P. Grigull, K. McCormick, J. Kisslinger, D. Reiter, and Y. Igitkhanov, Plasma Phys.
Controlled Fusion 44, 611 (2002)] for the edge region of Tokamak Experiment for Technology
Oriented Research (TEXTOR) [Proceedings of the 16th IEEE Symposium on Fusion Engineering,
1995 (Institute for Electrical and Electronics Engineers, Piscataway, NJ, 1995), p. 470]. © 2004
American Institute of Physics. [DOI: 10.1063/1.1791232]
I. INTRODUCTION
In fusion devices the confined plasma volume with
nested closed magnetic surfaces is screened from the wall by
the so-called scrape-off layer (SOL) where magnetic field
lines can hit the wall elements.1,2 In a divertor configuration
the magnetic topology is principally different in these two
regions, which are separated by a separatrix created by cur-
rents in special coils. In a tokamak with a mechanical limiter
the last closed magnetic surface (LCMS) is the outmost one,
which first touches the limiter.
The plasma parameters in SOL are very important for
characterization of both the plasma wall interaction and the
plasma behavior in confined volume. Normally complex
two- or three-dimensional transport codes are used to com-
pute parameter profiles along and perpendicular to the mag-
netic field (see, e.g., Refs. 3–6). However, reduced analytical
models are also often applied for rough estimates and in
order to gain a qualitative insight into physics of transport
processes in SOL. The so-called 2-point model,1,2 which is
based on the assumption that the heat transport parallel to the
magnetic field is of purely conductive nature, is normally
relevant to a divertor SOL. This approach is validated by the
fact that the particle flows generated by the ionization of
recycling neutrals are localized very close to the divertor
plates and do not contribute significantly to the energy trans-
fer in the main part of the SOL. Conversely in limiter de-
vices, the neutralization of charged particles occurs very
close to the LCMS and produced neutrals can easily pen-
etrate into the confined volume. The ions and electrons pro-
duced after ionization of neutrals spread over magnetic sur-
faces and diffuse perpendicular to the magnetic field back
into the SOL where they stream to the limiter. This particle
flow loop schematically shown in Fig. 1(a) for the case of a
plasma bounded by a toroidally symmetric bumper limiter
can be very important for the SOL power balance. In the
present paper we amend the 2-point model for SOL by in-
cluding self-consistently convective heat transport into con-
sideration. It is demonstrated that the improved model ad-
equately describes a limiter SOL in agreement with the
results of numerical modeling with 3D code
EMC3-EIRENE.6,7 A comparison with the standard 2-point
model corrected with respect to convective energy transport1
is provided.
II. BASIC MODEL EQUATIONS
A. Main part of SOL
In the case of a bumper limiter in Fig. 1(a) the angle «, at
which the field lines contact the surface, varies with the dis-
tance from the poloidal plane. In the present analytical con-
sideration we replace this limiter shape by a “roof-top,” one
shown in Fig. 1(b), with «=const. The fact that the results do
not depend explicitly on « (for «!1 assumed) allows us to
apply them, to a certain extend, to the more realistic limiter
geometry in Fig. 1(a). The limiter SOL can be divided into
two zones [see Fig. 1(b)] where different transport processes
are of importance. In the main part of SOL the particle
source due to neutral ionization is small and particle trans-
port is described by the following continuity equation:
dGi
dl
=
G’
LCMS
d
. s1d
Here Gi is the component of particle flux density along the
magnetic field (direction l), G’LCMS is the density of charged
particle influx into SOL from the confined plasma volume
perpendicular to the LCMS, and d the characteristic SOL
width. Under the assumption that G’LCMS and d are indepen-
dent of l, we get from Eq. (1) Gi =G’LCMSl /d, with l=0 im-
posed at the SOL symmetry plane where Gi =0.
In the heat transport equation
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d
dlS− ki dTdl + 5GiTD = q’
LCMS
d
s2d
the same temperature T for electrons and ions is assumed and
the Spitzer heat conductivity ki =AkT5/2 is dominated by the
electron contribution. After one integration with the bound-
ary condition dT /dl=0 at l=0 one gets
−
T5/2
Tc − T
dT =
5G’LCMS
2Akd
dl2. s3d
Here Tc=q’
LCMS / s5G’LCMSd is the maximum temperature in
SOL which is determined by the condition that the heat flux
is transported only by particle convection. Equation (3) can
be integrated once more which gives an implicit relation be-
tween the temperatures at the symmetry plate, T0, and at a
certain l, Tl:
Tc
5/2
2 Sln 1 + ˛T0/Tc1 − ˛T0/Tc − ln 1 +
˛Tl/Tc
1 − ˛Tl/Tc
D
=
T0
5/2
− Tl
5/2
5
+ Tc
T0
3/2
− Tl
3/2
3
+ Tc
2s˛T0 − ˛Tld +
5l2
4
G’
LCMS
Akd
.
s4d
In real toroidal fusion devices the cross-field transport is
localized on the low field side (LFS) and is not uniformly
distributed poloidally. This is due to Shafranov shift of mag-
netic surfaces and the ballooning character of microinstabili-
ties governing anomalous transport. In the limit case of a
very strong localization the poloidal distribution of source
terms on the right-hand sides (RHS) of Eqs. (1) and (2) can
be approximated by d function. The integration leads to the
parallel fluxes of particles and energy independent of l:
Gi = G’
LCMSL/d, − kidT/dl + 5GiT = q’LCMSL/d ,
where L;pqR is the distance from the symmetry plane to
the limiter surface along magnetic field, R the major radius
of the LCMS, and q the safety factor. Finally, one gets an
equation similar to Eq. (4), but with the factor 5Ll /2 instead
of 5l2 /4 in the last term on the RHS.
B. Recycling zone
In this paper we do not consider states with a plasma
detached from the limiter and, therefore, the loss of the par-
allel momentum due to charge exchange and elastic colli-
sions can be neglected. In this case a well-known relation1
between the values of the plasma pressure at the symmetry
plane and at the limiter surface can be applied:
n0T0 = 2nLTL, s5d
where TL and nL are the plasma parameters near the limiter.
Additionally, since the energy losses in the main part of the
SOL are also small, the power coming into the SOL from the
plasma confined volume is finally lost through two channels:
(i) transferred to the limiter with the kinetic energy of
charged particles and (ii) lost on the ionization of neutrals
recycling from the limiter:
4pRdsgTL + EidnLVs sin c = q’
LCMSSLCMS. s6d
Here g<7.5 is the heat transmission factor, Ei the effective
energy lost by the ionization of a recycling atom including its
excitation, Vs=˛2TL /mi the ion sound velocity acquired by
the plasma ions near the limiter surface, c<a / sqRd the pitch
angle between magnetic field and toroidal direction with a
being the minor radius of the LCMS, and the LCMS area
SLCMS=4p2aR.
Equation (4) includes as a parameter the density of
charged particle flux into the SOL from the confined volume,
G’
LCMS
. In a stationary state, the total outflow, G’
LCMSSLCMS, is
equal to the influx through the LCMS of neutrals produced at
the limiter, Jn
LCMS
. The neutral particles released from the
limiter surface belong to two main fractions: (i) cold mol-
ecules desorbed with the surface temperature TW!TL and
velocity Vc<103 m/s and (ii) “hot atoms” with an energy of
TL, which are produced by reflection of ions. In addition, hot
atoms are generated in the plasma volume by charge ex-
change of “cold atoms.” In the present model we assume,
however, that both components are atoms. The density nc of
cold neutrals decays with the distance from the limiter, x, due
to ionization by electrons and charge exchange with ions,
with the rate coefficients ki and kcx, respectively:
FIG. 1. The poloidal cross section and schematic view of particle flows at
the plasma edge of a tokamak with a toroidal limiter (a) and characteristic
zones of the limiter scrape-off layer (b). It is assumed that plasma particles
flow into SOL homogeneously over the LCMS.
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Vc
dnc
dx
= − ski + kcxdnnc. s7d
The charge exchange of hot atoms leads to chaotic change of
their velocity, and the variation of their density nh with x can
be modeled in a diffusion approximation:8,9
d
dxS− Dhdnhdx D = − kinnh + kcxnnc s8d
with the diffusivity Dh=T /mi / ski+kcxd /n; the last term in
Eq. (8) gives the source density of hot atoms due to charge
exchange of cold ones. The influxes of the cold and hot
neutral components from the limiter surface are related to the
plasma outflow density jnL=nLVs sin c sin «: Vcncs0d= s1
−RpdjnL and −Dhdnh /dxs0d=RpjnL, where Rp is the particle
reflection coefficients. With these boundary conditions the
equations above can be straightforwardly integrated (see,
e.g., Refs. 2 and 9) providing nc,h as functions of the distance
from the limiter surface, x:
nc = s1 − Rpd
jnL
Vc
exps− scnLxd ,
nh =
jnL
Vhb5
Rp exps− shnLxd
+ s1 − Rpd
kcx
kit + kcx
Fexps− shnLxd − sh
sc
exps− scnLxdG 6 ,
where sc= ski+kcxd /Vc and sh=˛kiski+kcxd /Vh are the effec-
tive cross sections for the attenuation of cold and hot atoms,
respectively, Vh=˛TL /mi, b=˛ki / ski+kcxd, and t=1
−TW /TL. In nh the first term in brace gives the contribution
from hot neutrals produced on the limiter surface through ion
reflection and the second one, from those generated in the
plasma by charge exchange of cold particles.
The total influx of neutrals into the confined volume is
determined as follows:
Jn
LCMS
= 4pRE
0
d/sin « FVcncss sin «d − Dhdnhdx ss sin «dGds
s9d
which gives
G’
LCMS ;
Jn
LCMS
SLCMS
=
4pR sin c
SLCMS
Vs
sh
3 5f1 − exps− scnLddg
s1 − Rpdkit
kit + kcx
sh
sc
+ f1 − exps− shnLddg
Rpkit + kcx
kit + kcx
6 .
Since sh /sc=bVc /Vh=˛kiTW / ski+kcxd /TL!1, the first term
in the brace, due to penetration of cold atoms, can be nor-
mally neglected. In particular, for the Tokamak Experiment
for Technology Oriented Research (TEXTOR) parameters
used below, this is less than 10% of the second one, due to
hot atoms, for n0ø831018 m−3, i.e., practically in the whole
parameter range in question. In this case we obtain
G’
LCMS <
4pR sin c
SLCMS
Vs
sn
f1 − exps− nLsnddg
Rpki + kcx
ki + kcx
,
s10d
where t<1 was used.
C. SOL width
An estimate for the SOL width d follows by taking into
account that the heat flux into SOL is transported through the
LCMS by perpendicular plasma conduction and particle dif-
fusion:
q’
LCMS
= − x’n0
dT
dr
− 3D’
dn
dr
T0, s11d
where x’ and D’ are the plasma heat and particle diffusivi-
ties. At the LCMS we assume −dT /dr<T0 /d and −dn /dr
<n0 /d. By using Eqs. (6) and (11) one obtains
d <˛2L
Vs
x’ + 3D’
g + Ei/TL
. s12d
In the present model d is actually the power flux width
and we do not distinguish between e-folding lengths of den-
sity and temperature, which requires a further development.
However, the simulations with the code EMC3-EIRENE, see
the following section, show that under conditions in question
these lengths do not differ very significantly and are in sat-
isfactory agreement with the predictions from Eq. (12).
III. RESULTS OF CALCULATION AND MODEL
VALIDATION
A. Comparison with EMC3-EIRENE code simulations
The set of equations (4)–(6), (10), and (12) allows us to
determine the plasma characteristics in SOL. As control pa-
rameters we assume henceforth the heat influx into SOL,
q’
LCMS
, and the plasma collisionality at the midplane, n*
=L /lc=pqR /lc, where lc is the electron mean free path
length between Coulomb collisions. Computations have been
performed for the conditions of additionally heated dis-
charges in deuterium in the TEXTOR with a=0.46 m, R
=1.75 m, SLCMS=32 m2, q=3.5, SLCMSq’LCMS<1 MW, D’
=x’ /3=1 m2/s. The ionization and charge-exchange rate
coefficients, ki and kcx, and the reflection coefficient Rp are
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computed according to the formulas in Ref. 2. Figure 2
shows the n* dependencies of the parameters Ei, Rp, ki, and
kcx.
The comparison of plasma parameters computed by our
analytical model and found in EMC3-EIRENE code simula-
tions is done in Fig. 3. In Fig. 3(a) the code results are
represented by the half of the sum of the electron and ion
temperatures at the outer midplane, T0, and near the limiter,
TL. Figure 3(b) represents the n* dependencies of the corre-
sponding plasma densities, and Fig. 3(c) of the fraction of
the neutral influx from the limiter, which is ionized in the
SOL, fSOL, and of the fraction of the total power lost on
ionization, fpower=Ei / sgTL+Eid. One can see that for all pre-
sented characteristics the analytical results reproduce well
qualitative features of the code simulations. The quatitative
difference does not exceed 30%.
A very striking feature observed both in analytical and
code calculations is the weak variation of fSOL with n*. Ac-
cording to the present model
fSOL = 1 −
1
u5fs1 − e−sc/shudg
s1 − Rpdkit
kit + kcx
sh
sc
+ s1 − e−ud
Rpkit + kcx
kit + kcx
6 ,
where u=nLshd; for n**10 practically all cold neutrals are
ionized in SOL and fSOL is well described by the reduced
expression
fSOL = 1 −
1 − e−u
u
Rpki + kcx
ki + kcx
. s13d
In this case, fSOL always exceeds s1−Rpdki / ski+kcxd and
should approach 1 with u→‘. However, very large u cannot
be reached under conditions in question because sh reduces
fast when TL is diminished to a level comparable with the
hydrogen ionization energy. For the particular conditions u
&0.9, s1−e−ud /u*0.66 and fSOL& fs1−0.66Rpdki
+0.34kcxg / ski+kcxd. Additionally, the reflection coeffcient Rp
increases with decreasing temperature and relatively more
hot atoms are produced on the limiter. This further sup-
presses the tendency of fSOL to increase with rising collision-
ality.
With increasing plasma density and collisionality other
important effects neglected in the present model are in-
volved, e.g., charge-exchange power loss and friction be-
tween ions and neutrals. However, under the conditions in
question, with TL*7–8 eV, the results of EMC3-EIRENE
simulations justify this neglect and predict that the losses
from the ion component with the charge-exchange do not
exceed several percent of the total power transferred into the
SOL. The conservation of the total momentum given by Eq.
(5) is also satisfied with the same accuracy. Finally, EMC3-
EIRENE simulations did not include impurity radiation and
it is difficult to judge what is the consequence of its absence
in the present analytical model.
Concerning the SOL width d, the code simulations pre-
dict that at low collisionality the e-folding lengths of the
plasma density and temperature, dn and dT, respectively, are
practically the same and of 1.6 cm. For these conditions Eq.
(12) gives 1.9 cm. The code results show that with increasing
collisionality dn changes weakly but dT grows up to 3.8 cm
FIG. 2. The energy lost on ionization of a recycling atom, rate coefficients
of atom ionization and charge exchange, and particle reflection coefficient
from a carbon limiter surface vs the plasma collisionality.
FIG. 3. Comparison of the results of the present improved 2-point model
(solid curves) and the code EMC3-EIRENE simulations (broken curves):
plasma density (a) and temperature (b) at the SOL midplane and at the
limiter; the fractions of the neutral flux from the limiter ionized in the SOL,
fSOL, and of the power lost on ionization, f power, (c), vs the plasma
collisionality.
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at n*=45. The latter tendency is reproduced by our model;
however, it predicts d=2.7 cm. Remarkably, this value coin-
cides with the code prediction for the value averaged be-
tween dn and dT.
B. Comparison with corrected standard 2-point model
In Ref. 1 the standard 2-point model, which neglects
convective energy losses, has been corrected by taking those
into account implicitly, through the reduction of the conduc-
tive parallel heat flux in the SOL main part by a factor
fcond,1. For comparison of predictions from our model and
the corrected standard 2-point model we choose as a figure of
merit the ratio of plasma temperatures at the SOL symmetry
plane and near the limiter, u=T0 /TL.
In order to come to a formula for u prescribed by the
corrected standard 2-point model we omit the term 5GiT on
the left-hand side of Eq. (2) but reduce the source term on
the RHS by the factor fcond. Under the assumption of fcond
independent of l, the integration leads to
TL = ST07/2 − 7q’LCMSfcond4Akd L2D
2/7
.
If T0 is at least slightly greater than TL then
q’
LCMSL
d
<
4AkT0
7/2
7Lfcond
.
From Eqs. (5) and (6) we obtain
q’
LCMSL
d
=
gn0T0Vs
2s1 − fpowerd
.
By combining these relations and taking into account10 kie
;AkT0
5/2
=3.16n0T0te /me and lc=tes2T0 /med1/2 one gets
˛T0
TL
=
7g
4 3 3.16
L
lc
˛me
mi
fcond
1 − fpower
or
u .
n*
2
100Ai
S fcond1 − fpowerD
2
, s14d
where Ai is the ion atomic weight.
Thus u essentially depends on fcond and one needs an
approach to estimate this. In particular, one can use its value
at the outboard midplane, which can be found from the fol-
lowing relation:
5T0nLVss1 − fSOLd = gTLnLVs
1 − fcond
1 − fpower
.
This gives
fcond = 1 −
5
g
s1 − fpowerds1 − fSOLdu
and, in combination with Eq. (14), a quadratic equation for
˛u. Finally
u = 3˛
20
g
1 − fSOL
1 − fpower
+
100Ai
n*
2 −
˛100Ai
n*
10
g
s1 − fSOLd 4
2
. s15d
This relation includes fSOL and fpower. According to Fig. 3,
fSOL does not significantly depend on the collisionality and
fpower!1 for conditions in question. Henceforth we use
fSOL=0.4 and fpower=0.15.
Figure 4 shows the n* dependence of u found in the
EMC3-EIRENE code simulations (broken curve), by apply-
ing the present improved 2-point model (solid curve 1), stan-
dard 2-point model, i.e., Eq. (14) with fcond=1 (curve 2), and
corrected standard 2-point model given by the Eq. (15)
(curve 3) for deuterium plasmas. One can see that our model
perfectly reproduces the code results, while the standard
2-point model gives strongly overestimated values of u. Al-
though the corrected standard 2-point model gives somewhat
low values, it qualitatively reproduces the saturation of u
magnitude at high collisionality. By applying Eq. (15) one
should, however, keep in mind that u predicted by this de-
pends essentially on fSOL. In particular, our computations
show that fSOL varies essentially with the heat flux into the
SOL.
C. Interpretation of results
In order to understand the cause for the saturation of u at
large collisionality we have to take into account the variation
of the plasma parameters far and near the limiter shown in
Figs. 3(a) and 3(b). At a small density and low collisionality,
SOL recycling zone is transparent for neutrals and particle
convection dominates in the heat transport. Additionally, the
plasma temperature in SOL is high enough and the parallel
heat conduction, ,T5/2, is large. As a result the temperature
variation along SOL is small and u<1. With increasing col-
lisionality, the probability of neutral ionization in SOL also
increases and the contribution of convection to the heat flux
in the SOL main part drops. Therefore with decreasing
plasma temperature the heat conduction should transport
more power, which requires larger parallel temperature gra-
FIG. 4. The ratio of temperatures at the SOL symmetry plane and near the
limiter vs the plasma collisionality in SOL computed in the EMC3-EIRENE
code simulations (broken curve), by the present improved 2-point model
(solid curve 1), standard 2-point model, and corrected 2-point model (curve
3) for deuterium plasmas in TEXTOR.
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dient, i.e., u grows. When n0 reaches a level of 1.5
31019 m−3, the temperature near the limiter drops below the
ionization energy of hydrogen neutrals, IH=13.6 eV, and the
attenuation cross section sn,˛ki,expf−IH / s2Tdg reduces
promptly with the temperature. Therefore neutrals can pen-
etrate into the confined plasma volume, the level of convec-
tive energy in SOL main part stabilizes, and the u value
saturates.
By concluding this section we note that the computations
with the particle and heat sources strongly localized on LFS
(see the last paragraph of Sec. II) results in a n* dependence
of u, which saturates at the same level as for homogeneously
distributed source. This saturation occurs, however, already
at smaller values of n*.
IV. CONCLUSION
An improved 2-point model for a limiter SOL is pro-
posed, which self-consistently takes into account the convec-
tive energy losses along field lines in the main SOL part. The
model predicts in quantitative agreement with the code simu-
lations the characteristic plasma parameters in the SOL of
TEXTOR and the saturation of the ratio between electron
temperatures far and near the limiter surface with increasing
plasma collisionality. An interpretation of this phenomenon,
being in striking contradiction with the standard 2-point
model, but in qualitative agreement with corrected 2-point
model, is proposed: when the temperature near the limiter
drops below the hydrogen ionization energy, neutrals can
penetrate into the confined plasma volume and convective
energy transport remains significant even at the highest
plasma density.
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